The innate immune response to infection represents the first line of cellular defense against invading pathogens. This response is orchestrated by a complex cohort of genes that are specifically induced upon infection 1 . Despite the protective roles of their products, prolonged or aberrant expression of such genes can be deleterious to the host 2-4 . Indeed, dysregulated expression of many such pro-and anti-inflammatory mediators can contribute to deaths caused by septic shock 2 and by pandemic infection with influenza virus 3 and has been linked to the etiology of several life-threatening diseases 4 . The expression of antiviral mediators is thus strictly regulated, with subsets of their genes expressed in distinct temporal patterns during infection 5 .
The innate immune response to infection represents the first line of cellular defense against invading pathogens. This response is orchestrated by a complex cohort of genes that are specifically induced upon infection 1 . Despite the protective roles of their products, prolonged or aberrant expression of such genes can be deleterious to the host [2] [3] [4] . Indeed, dysregulated expression of many such pro-and anti-inflammatory mediators can contribute to deaths caused by septic shock 2 and by pandemic infection with influenza virus 3 and has been linked to the etiology of several life-threatening diseases 4 . The expression of antiviral mediators is thus strictly regulated, with subsets of their genes expressed in distinct temporal patterns during infection 5 .
A classic example of the temporal regulation of infection-induced gene expression is the induction of genes encoding type I interferons and interferon-stimulated genes (ISGs) following viral infection. Upon entry of the virus into the cell, dedicated cytosolic receptors (including RIG-I, LGP2 and Mda5) recognize virus-derived nucleic acids and initiate a cascade of events that ultimately lead to activation of the transcription factor IRF3 ('interferon-regulatory factor 3') and its translocation to the nucleus 6 . Activated IRF3 is then recruited to the promoters of early-response genes, including IFNB1 (which encodes interferon-β (IFN-β)), and induces their transcription 6 . IFN-β subsequently induces the expression of ISGs via a second, interferon-dependent wave of transcription that relies on signaling via the kinase Jak and STAT transcription factors 5 . Notably, beyond IFN-β, the early interferon-independent wave of transcription also allows the concomitant expression of other transcription factors (for example, IRF7) and antiviral mediators (for example, IFIT1 and RIG-I), which establishes a feed-forward loop that probably potentiates the antiviral response during the course of infection. Light has been shed on the cellular signaling pathways that culminate in the early induction of genes encoding antiviral molecules, but detailed mechanistic insight into how chromatin-regulatory factors control this response is lacking 7 .
Stimulus-induced transcription is a tightly regulated, multi-step process that is controlled by a plethora of protein complexes and through multiple mechanisms acting at the level of initiation, pauserelease, elongation and termination by RNA polymerase II (RNAPII) 8 . Studies have highlighted important factors and rate-limiting steps 9, 10 of these processes that operate on chromatin, which functions as a signalintegration platform during the cell's response to various stimuli 11 . For example, the initiation of transcription and progression to the elongation and termination phases of transcription 12 are heavily influenced by dynamic changes to post-translational modifications on histone amino-terminal domains and the carboxy-terminal domain of RNAPII (ref. 13) . The recognition of these chemical marks by dedicated proteins controls transcriptional activity 14 , co-transcriptional 4 8 6 VOLUME 16 NUMBER 5 MAY 2015 nature immunology A r t i c l e s events 15, 16 and, ultimately, cell responses 17 . Thus, the ability to target key regulators of the chromatin environment presents a likely means by which to manipulate the transcriptional response to stimuli 18, 19 .
Through the use of genomics, cell biology and genetic approaches, we found here that the human ATP-dependent helicase senataxin (SETX) exerted an inhibitory effect on the transcriptional response to viral infection. We showed that SETX promoted early termination by RNAPII at IRF3-dependent genes encoding antiviral products. This effect was dependent on the RNA-binding and ATPase activity of SETX and resulted in the inhibition of IRF3-dependent expression of genes encoding antiviral molecules. After viral infection, we observe higher expression of antiviral mediators in cells depleted of SETX and SETX-deficient cells, as well as in vivo in Setx −/− mice, than in SETXsufficient cells or wild-type mice, respectively. In addition, reduced cellular levels of SETX rendered cells more resistant to viral infection and suppressed viral biogenesis. Notably, SETX-deficient cells derived from patients with ataxia with oculomotor apraxia (AOA2) displayed higher expression of antiviral mediators during infection and inhibition of viral replication than that of control cells from healthy donors. Our results describe a previously unknown function for SETX as a negative regulator of the antiviral response and may have relevant implications for neurological disorders characterized by SETX mutations.
RESULTS

SETX inhibits expression of genes encoding antiviral factors
We were interested in identifying factors that might affect the transcriptional response to viruses. The putative ATP-dependent helicase SETX and its yeast ortholog Sen1 are reported to be positive regulators of basal gene transcription [20] [21] [22] . Sen1 has also been shown to negatively regulate the expression of genes induced by cell-wall perturbations 23 , a system functionally equivalent to the cellular response to stimuli in mammals 24 . Those findings, along with the possibility of a connection between viral infection and AOA2 or amyotrophic lateral sclerosis (ALS4), led us to hypothesize that SETX might regulate the transcriptional response of mammalian cells to viral infection 1, 5 .
We first investigated the subcellular localization of SETX in the human lung epithelial cell line A549 before and after infection with the influenza A virus strain A/Puerto Rico/8/1934(∆NS1) (PR8∆NS1). We used SETX-sufficient ('wild-type') and SETX-deficient human fibroblasts 25 as controls for antibody staining. Immunohistochemistry showed a nuclear distribution of SETX in PR8∆NS1-infected A549 cells and PR8∆NS1-infected wild-type control fibroblasts ( Supplementary  Fig. 1a) , which indicated that the subcellular localization of SETX was unaffected by infection. SETX eluted together with high-molecularweight nuclear complexes positive for RNAPII, by glycerol gradient fractionation (Supplementary Fig. 1b) . The proposal of an association with the transcriptional machinery was further supported by the finding that SETX immunoprecipitated together with RNAPII ( Supplementary Fig. 1c) , similar to what has been observed with other cell types 21 . Together these results were consistent with a potential role for SETX in the regulation of transcription after infection.
To substantiate that hypothesis, we profiled the global mRNAexpression patterns of human A549 cells treated with SETX-specific small interfering RNA (siRNA) (siSETX) and nontargeting control siRNA (siCtrl) before and 4 h after infection with PR8∆NS1. The depletion of SETX (via siSETX) was specific and resulted in more upregulation of genes encoding antiviral products than that of cells left untransfected or treated with siCtrl (P = 1.72 × 10 −23 (hypergeometric test); Fig. 1a, Table 1, Supplementary Fig. 1d and Supplementary Table 1) , with negligible effects on the expression of 'housekeeping' genes ( Supplementary Fig. 1e) . Conversely, depletion of the exonuclease XRN2, which, along with SETX, has been linked to positive control of the basal expression of two housekeeping genes 20 , did not result in a similar greater upregulation of the expression of genes encoding antiviral factors after infection than that of cells left untransfected or treated with siCtrl ( Supplementary Fig. 1f-h and  Supplementary Table 2 ). This result further confirmed the specificity of SETX during the cellular response to infection and suggested that its negative regulation of genes encoding antiviral molecules was exerted via an unknown mechanism.
Phosphorylation of IRF3, which is a terminal event in the signaling cascade subsequent to sensing of a virus 6 , was unchanged in infected cells in which the gene encoding SETX was silenced (via siSETX) relative to its phosphorylation in cells left untransfected or treated with siCtrl ( Supplementary Fig. 1i) ; this demonstrated that the increased expression of early genes encoding antiviral molecules in cells depleted of SETX was not caused by dysregulated signaling. The initial levels of viral genomic and messenger RNA in cells depleted of SETX and control cells were also equal ( Supplementary Fig. 1j,k) , which ruled out the possibility of indirect effects that resulted from differences in infection efficiency. Together these data suggested that upon infection, SETX negatively regulated antiviral factor-encoding genes induced immediately after sensing of a virus, when transcription of these genes was driven mainly by the transcription factor IRF3.
To determine whether the activity of SETX in our system was specific to viral infection, we further characterized the involvement of SETX in response to various stimuli. Our analyses confirmed that depletion of SETX increased the expression of genes encoding antiviral molecules in response to infection with PR8∆NS1 ( Fig. 1b) and showed that neither the addition of exogenous IFN-β (which signals through the Jak-STAT signaling cascade 6 ) nor stimulation with tumornecrosis factor (TNF) (which acts through other signaling cascades) was able to recapitulate the viral infection-induced gene-expression phenotype (Fig. 1c,d) .
To further confirm the specificity of SETX activity downstream of the sensing of virus, we infected immortalized STAT1-deficient human fibroblasts with PR8∆NS1. Since STAT1 protein is activated downstream of IFN-β and is essential for the IFN-β-dependent gene-expression program, this system allowed us to uncouple the specific arms of signaling linked to the sensing of virus and the IFN-β-dependent response. Depletion of SETX (via siSETX) in STAT1-deficient cells during infection resulted in higher expression of genes encoding antiviral molecules than that in STAT1-deficient control cells treated with siCtrl (Fig. 1e) , which further supported the proposal of a model in which SETX acts specifically on early interferon-independent expression of genes encoding antiviral molecules.
SETX inhibits transcription of genes encoding antiviral molecules
We then investigated the effect that depletion of SETX had on viral infection-induced transcription by genome-wide analysis of nascent (elongating) RNA with global run-on sequencing (GRO-seq) 18, 26 in A549 cells treated with siCtrl or siSETX before and 4 h after infection with PR8∆NS1 ( Fig. 2 and Supplementary Fig. 2 ). Our GRO-Seq analyses show that depletion of SETX slightly reduced basal transcription in uninfected cells ( Fig. 2a and Supplementary Fig. 2a-d) , which confirmed published findings of a limited effect of SETX deficiency on the transcription of housekeeping genes 20 . In contrast, upon infection, SETX functioned as a negative regulator of the transcription of genes encoding antiviral molecules: the average profiles of engaged RNAPII indicated that depletion of SETX specifically increased the transcription of genes induced 4 h after infection. This set of genes npg displayed substantial enrichment for genes encoding molecules involved in the antiviral response (P = 2.35 × 10 −78 (hypergeometric test); Fig. 2a and Supplementary Table 3) . We illustrated the increase in inducible gene transcription in cells depleted of SETX for the representative virus-triggered gene IFNB1 (Fig. 2b) and quantified this by run-on quantitative PCR for the representative virus-induced genes IFIT1 and IFI6 (Fig. 2c) .
To explore the mechanism responsible for the increased transcription in response to depletion of SETX, we compared the RNAPII density at the promoter divided by its density in the gene body in the two experimental conditions. This parameter, called the RNAPII 'traveling ratio' 27 , defines the propensity of RNAPII to be paused or 'licensed' into elongation. The traveling ratio of infection-induced genes and ISGs was indistinguishable in cells treated with siCtrl versus those treated with siSETX (P = 0.7093 (Kolmogorov-Smirnov test); Fig. 2d,e) , which indicated that the increased antiviral gene transcription in siSETX-treated cells did not involve changes in elongation 18 or pause-release 27 via RNAPII and was therefore probably achieved at (or shortly after) transcription initiation 28 . Indeed, treatment of cells with flavopiridol, an inhibitor of the transcription-elongation factor p-TEFb that blocks transcription immediately following initiation, diminished the induction of genes encoding antiviral molecules to a similar extent in infected cells treated with siCtrl and those treated with siSETX ( Supplementary Fig. 2e ). Together our results suggested that during infection, SETX negatively regulated the transcription and, in turn, the expression of virus-induced genes.
SETX promotes premature termination at virus-induced genes
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A r t i c l e s of SETX were exerted downstream of IRF3, co-expression of SETX would counteract daIRF3-induced activation, and we did indeed observe this effect (Fig. 3a) . The yeast ortholog of SETX, Sen1, induces the termination of transcription at small nucleolar RNAs 29 by virtue of its RNA-binding and ATPase activities 30 . We thus assessed whether RNA-binding and enzymatic activities were similarly required for the function of human SETX. We first confirmed the helicase activity of purified human SETX ( Supplementary Fig. 3a,b) . In addition, we generated a human SETX mutant devoid of its enzymatic (helicase and translocase) activity by altering the conserved Walker A motif shared by many cellular ATPases (by substitution of glutamine for the lysine at position 1969) and another SETX mutant lacking RNA-binding activity by altering SETX motif IV (via substitution of aspartic acid for the glycine at position 2343) 31 ( Supplementary Fig. 3a,e) . Our results demonstrated that both activities were essential for inhibiting daIRF3-dependent transcription (Fig. 3a) . Chromatin-immunoprecipitation (ChIP) experiments with the same experimental conditions further showed that although wild-type and mutant SETX proteins were present in equal amounts at the promoter regions of induced genes encoding antiviral products, only wild-type SETX caused a concomitant decrease in RNAPII at the promoters (Fig. 3b) . This effect was thus dependent on the ATPase and RNA-binding activity of SETX. Consistent with those observations, a decrease in endogenous SETX led to an increase in the loading of RNAPII at the promoters of the virus-induced genes IFIT1 and IFIT2 (Fig. 3c) . Our data showing that the amount of RNAPII at promoters of antiviral molecule-encoding genes was inversely correlated with SETX activity, not SETX binding, suggested that SETX acted to promote premature termination of the transcription of IRF3-dependent genes by RNAPII.
We thought that our results would fit a simple model whereby SETX, via binding to nascent RNA, would translocate (by means of its ATPase activity) toward RNAPII and induce early termination. This model is reminiscent of how the helicase RhoA controls termination in Escherichia coli 32 and is analogous to how Sen1 (the yeast ortholog of human SETX) controls termination at small nucleolar RNAs 30 . For this model to be true, wild-type SETX, unlike the mutant SETX lacking RNA-binding activity, would bind to 5′ RNA of active IRF3-induced genes encoding antiviral products. Moreover, in the same experimental setting, expression of wild-type SETX, unlike expression of the SETX mutants, would lead to the enrichment of prematurely terminated RNA derived from the 5′ end of the gene. To test this model, we first used RNA immunoprecipitation to investigate the binding of RNA by SETX. Consistent with our hypothesis, we observed that the SETX mutant lacking RNA-binding activity (and, to a similar extent, the SETX mutant lacking ATPase activity) was impaired in binding to RNA derived from the 5′ end of genes encoding antiviral products, relative to such binding by wild-type SETX (Fig. 3d) . These results suggested that although both mutants were targeted as efficiently as wild-type SETX to promoters of IRF3-dependent genes (Fig. 3b) , they were both unable to bind to such nascent RNAs. These results indicated that the targeting of SETX to gene promoters was independent of its nascent RNA-binding and ATPase activity but that both activities were needed to promote termination of transcription by RNAPII. We next investigated the effect of SETX on the amount of transcription start site-associated short RNA 33, 34 . We observed that expression of wild-type SETX increased the amount of such RNA at IRF3-dependent genes, but expression of the SETX mutants lacking ATPase or RNA-binding activity did not (Fig. 3e and Supplementary  Fig. 3f-h ). Together these data suggested that SETX promoted premature termination of transcription at the promoters of virus-induced genes and that depletion of SETX rendered the cells amenable to higher expression of genes encoding antiviral products.
SETX and the cofactor TAF4 coordinate the antiviral response We next sought to determine which factors were responsible for coordinating the targeting of SETX to loci encoding antiviral molecules.
An assay by affinity purification and tandem mass spectrometry revealed that the transcription-initiation factor subunit TAF4 was a specific interacting partner of SETX in influenza virus-infected cells ( Supplementary  Fig. 4a,b and Supplementary Table 4 ). In line with that finding, siRNAmediated depletion of TAF4 in PR8∆NS1-infected A549 cells resulted in reduced amounts of SETX at the target genes IFIT1 and IFIT2 (Fig. 4a) . TAF4 has been shown to function as a transcriptional co-activator in inducible and stimulus-dependent gene-expression programs (for example, Wnt signaling) 35, 36 . Upon infection with PR8∆NS1, depletion of TAF4 led to less induction of the expression of genes encoding antiviral molecules than that in control cells left untransfected or treated with nontargeting siRNA (Fig. 4b) . Conversely, overexpression of TAF4 increased the expression of such genes upon infection, compared with that of cells (Fig. 4c) . These results suggested that SETX expression was able to inhibit the TAF4-dependent transactivation of IRF3-dependent genes. To prove this directly, we overexpressed daIRF3 together with TAF4 and SETX. Consistent with our hypothesis, our results showed that IRF3-dependent transcription was enhanced by coexpression of TAF4 and was counteracted by SETX (Fig. 4d) .
IFNB1 ( TAF4 contains a homology domain (TAFH) shown to be required for activator-dependent gene expression 35 via direct recruitment of positive and negative regulators of transcription 37 . As expected, overexpression of a TAF4 mutant with deletion of this domain abolished TAF4's transactivation of the expression of genes encoding antiviral molecules (Fig. 4d) . These data, along with protein-interaction studies showing binding of TAFH and SETX ( Supplementary Fig. 4c and Supplementary Table 4) , suggested that TAF4 co-activated genes encoding antiviral factors and that its effect was modulated by SETX. Our data showed that a SETX-TAF4 axis might thus represent a pivotal arm of the cellular response to pathogens, whereby loss of function in either protein results in dysregulated innate immune responses to pathogens.
SETX-deficient human cells are hyper-responsive to infection
Finally, to determine the physiological consequence of the loss of SETX function on viral replication, we first profiled viral growth kinetics in human cells depleted of SETX. The growth of both wild-type influenza virus PR8 and PR8∆NS1 was repressed in the absence of SETX (Supplementary Fig. 5a,b) , consistent with a role for SETX in controlling the expression of cytokines and antiviral mediators.
Consistent with the role of SETX in controlling the early antiviral response to the sensing of virus, its effect on viral growth depended on the presence of RIG-I, the cellular sensor for influenza virus (Supplementary Fig. 5c ). Overall, these results suggested that the increased expression of genes encoding antiviral products in SETXdeficient cells inhibited viral growth, which would directly link SETX to attenuation of the antiviral response and would indicate SETX is key in a cellular buffering system that controls the magnitude of the host response to viruses.
Loss of SETX function has been linked the neurodegenerative diseases ALS4 (ref. 38 ) and AOA2 (ref. 39) . We therefore performed ex vivo experiments to determine whether SETX-deficient cells derived from patients with AOA2 could recapitulate the enhanced antiviral response observed in A549 cells depleted of SETX (Fig. 1c,d ) and immortalized glial cells treated with siSETX (Fig. 5a) . In line with our initial observations, SETX-deficient lymphoblastoid cells (Fig. 5b) and primary human fibroblasts (Fig. 5c ) derived from patients with AOA2 (ref. 25 ) displayed higher expression of virus-induced genes upon infection than that of cells from healthy donors. We were also able to recapitulate these observations in an in vivo setting by intranasal administration of immunostimulatory defective-interfering RNA , 1) and assessed 8 h after that infection. *P < 0.05, **P < 0.005 and ***P < 0.0005 (t-test). Data are from three independent experiments (mean and s.d. in a-f; mean and s.e.m. in g).
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A r t i c l e s from Sendai virus into Setx −/− mice 40 . We observed higher expression of genes encoding antiviral products in Setx −/− lungs than in their wild-type counterparts (Fig. 5d) , which further reinforced the hypothesis of a physiological role for SETX in regulating the expression of such genes. We also confirmed that the function of SETX was dependent on its ATPase activity in primary human fibroblasts: expression of wildtype SETX in SETX-deficient human fibroblasts, unlike expression of the SETX mutant lacking enzymatic activity, was able to reconstitute a normal host response to infection (Fig. 5e and Supplementary  Fig. 5d) . Notably, similar to their upregulation in epithelial cells (Supplementary Fig. 2e) , the upregulation of genes encoding antiviral molecules in SETX-deficient cells was reduced to wild-type levels by the p-TEFb inhibitor flavopiridol (Fig. 5f) .
The consequences of dysregulated expression of genes encoding antiviral molecules in SETX-deficient cells were also apparent at the protein level in infected cells: secretion of cytokines and chemokines was greater in SETX-deficient fibroblasts than in wild-type fibroblasts (Supplementary Fig. 5e ). Naive cells pretreated with the supernatants of infected SETX-deficient fibroblasts were also more resistant to infection with a reporter virus than were such cells treated with supernatants derived from infected wild-type cells (Fig. 5g) . Similar to siSETX-treated A549 cells, SETX-deficient fibroblasts suppressed the growth of wild-type influenza virus PR8 (Supplementary Fig. 5f ). Finally, we also observed higher expression of genes encoding antiviral molecules and concomitant inhibition of viral biogenesis in SETXdeficient lymphoblastoid cells upon infection with the neurotropic Kunjin virus, a subtype of West Nile virus, compared with that in SETX-sufficient lymphoblastoid cells (Supplementary Fig. 5g,h ). Although the absence or depletion of SETX rendered the epithelial, fibroblast and glial cells we tested hyper-responsive to viral infection, the overall transcriptional regulation of SETX was different among the three cell types (Fig. 5a) ; this suggested an additional layer of cell-type and stimulus specificity in the control of SETX-dependent transcription activity. Of note, we found that infection of glial cells with influenza virus resulted in higher SETX expression at the level of RNA and protein than that in uninfected cells (Fig. 5a and Supplementary  Fig. 5i ). It is possible that upregulation of SETX expression might reflect a cell type-specific built-in system to downregulate genes encoding antiviral products via a negative feedback loop that controls the magnitude of the antiviral response. Overall, these results indicated that SETX-mediated transcriptional control was disrupted in cells isolated from patients with SETX deficiency and confirmed, across a broad range of cell types and viruses, the role of SETX in regulating the initial steps of the transcription of genes encoding antiviral molecules (Supplementary Fig. 5j ).
DISCUSSION
The cellular transcriptional response to infection is regulated by various cellular factors that ensure the temporal and dynamic expression of specific genes encoding antiviral factors. We have described here several lines of evidence that identified SETX as a factor that controls the antiviral response. First, depletion of SETX resulted in increased expression of several early infection-induced genes, including those encoding key cytokines (for example, IFN-β) and other antiviral mediators (for example, IFI6 and IFIT1) important for the resolution of infection. Second, overexpression of SETX was able to counteract the IRF3-dependent activation of endogenous loci encoding antiviral products. Third, human cells (lymphoblastoid and fibroblast) derived from patients with loss-of-function mutations in SETX displayed greater upregulation of virus-induced genes upon infection than that of wild-type cells. Fourth, SETX-deficient human cells, like cells depleted of SETX, inhibited viral biogenesis. Finally, we were also able to recapitulate in vivo the effects seen with depletion of SETX, whereby Setx −/− mice had higher expression of inflammatory mediators upon immunostimulation than did wild-type mice.
Our findings indicated that SETX negatively regulated genes encoding antiviral products by promoting early termination by RNAPII. The mechanism used by SETX to inhibit genes encoding antiviral products parallels the mechanism described for Sen1, the yeast homolog of SETX, in controlling basal transcription at noncoding RNA loci. In fact, experiments with mutant yeast strains with altered RNAPII processivity have shown that Sen1 tracks along nascent RNA and induces termination by RNAPII 29 in a manner very similar to the Rho-dependent attenuation of transcription in bacteria. In vitro experiments have supported that view and have revealed additional features of Sen1 activity 30 that suggest such a mechanism could be in place for regulating promoter activity.
Several of our observations supported the proposal of promoterproximal termination events during RNAPII-mediated transcription as the mechanism by which SETX limited the transcription of genes encoding antiviral molecules. Our experimental data showed that depletion of SETX caused a specific increase in transcriptionally active RNAPII across virus-induced genes, with a concomitant increase in the level of their mRNA, in a manner that was independent of pause-release, elongation and termination by RNAPII. The ability of SETX to counteract transcriptional activity depended on its ATPase activity. In line with that, wild-type SETX, unlike the SETX mutants lacking enzymatic or RNA-binding activity, bound to the 5′ end of nascent RNA at genes encoding antiviral molecules and increased the level of prematurely terminated RNA at the transcriptional start site of IRF3-dependent genes encoding antiviral factors. Finally, overexpression of SETX modulated IRF3-dependent gene expression in a dosedependent manner, which suggested that SETX levels can dynamically compete with IRF3-mediated transcription. Overall, our data have revealed a previously unknown function for SETX in negatively regulating the magnitude of an antiviral response at both the cellular level and the organismal level. We thus suggest that the recruitment of SETX to its target genes drives the early termination of the transcription of genes encoding antiviral factors and limits their overall expression. SETX-mediated termination might depend directly on sequence-specific recognition of the target RNA itself through its RNA-binding domain and might require the translocase activity of SETX. Alternatively, SETX-mediated termination might be driven by its interaction with structural elements, such as R loops, formed at nascent transcript. The latter would require the helicase activity of SETX and is a likelier possibility, given that SETX can resolve RNA-DNA hybrids, such structures can be formed at promoters of genes encoding inflammatory molecules 41 , and free 5′-end RNA at promoters can increase R-loop formation and avoid the requirement for RNA cleavage to promote transcriptional termination.
Mechanistically, depletion of SETX led to diminished transcription of some housekeeping genes in the basal state, while during infection it increased the activation of genes encoding antiviral molecules. Such positive and negative regulation could simply be dependent on the targeting of SETX activity to different gene regions (the 3′ end region for housekeeping genes versus the promoter region for genes encoding antiviral molecules) by different binding partners. This would then result in a different effect on transcription for specific gene subsets. For the housekeeping genes, the interaction of SETX with 3′-end cleavage and termination complexes is supposed to coordinate proper termination 16 . In contrast, for the genes encoding antiviral products, npg control of premature termination by SETX at promoters was dependent on IRF3, a master transcription factor activated by the incoming virus, and required the cofactor TAF4. Indeed, upon infection, IRF3-dependent gene expression was potentiated by TAF4 and was subject to negative regulation by SETX. Such multilevel regulation is key during the cell response to viruses due to the detrimental effect of high and/or prolonged expression of genes encoding antiviral molecules (discussed below) and is reminiscent of how signaling via E protein and Wnt coordinates the recruitment of transcription factors and other cofactors to regulate stimulus-dependent gene expression 35, 36 . Strikingly, in those studies 35, 36 , as in ours, TAF4 seemed to serve a pivotal role as a binding platform for the recruitment of positive and negative effectors that coordinate transcriptional activity during a cell response.
In summary, we have revealed a previously unknown mechanism for regulating the expression of genes encoding antiviral molecules by an ATP-dependent helicase that controlled the expression of the gene encoding IFN-β and other key genes encoding antiviral products. Our results suggest that during viral infection, SETX functions as a surveillance factor to ensure that an appropriate physiological response to viruses is elicited. We hypothesize that SETX has evolved a role in controlling transcriptional responses to viruses and thus might be a target amenable to the treatment of infections and inflammatory disorders. In the conditions studied here, the activity and regulation of SETX were specific for signaling downstream of the sensing of a virus; however, we do not discount the possibility that loss of SETX might disrupt other transcriptional networks.
Dysregulation of transcription has been linked to disease development 42 , as shown for TAF4 deficiency, which confers susceptibility to Huntington disease 43 . Inborn SETX mutations have been linked to the development of the neurodegenerative diseases ALS4 (ref. 38 ) and AOA2 (ref. 39) . Our data indicated that loss of SETX resulted in an altered temporal activation of the innate immune response to viruses. Unlike congenital diseases with constitutive expression of inflammatory mediators 4, 44 , SETX-driven changes to the innate immune response manifested experimentally only upon infection. We postulate that the inducible phenotypes we observed in the context of SETX deficiency might be triggered environmentally by exposure to viral agents. Transient states of excessive inflammation might, over time, result in the local dysregulation of immunological homeostasis and progressive deterioration of affected tissues. We propose that infection has an important role in the initiation or progression of AOA2 and ALS4.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. GEO: microarray data, GSE52937. 
ONLINE METHODS
Cells and viruses. A549 cells, 293T human embryonic kidney cells, MadinDarby canine kidney (MDCK) cells and SVGp12 fetal glial cells were originally obtained from the American Type Culture Collection. Cells were maintained at 37 °C with 5% CO 2 in Dulbecco's minimal essential medium (Gibco, Life Technologies) supplemented with 2 mM glutamine, 10% FBS (Hyclone), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco, Life Technologies). SETX-2RM (SETX-deficient) and C3ABR (wild-type) lymphoblastoid cells were maintained as described above. SETX-1RM human fibroblasts (SETX-deficient fibroblasts) and normal foreskin fibroblasts 25 were maintained in Dulbecco's minimal essential medium supplemented with 2 mM glutamine, 20% FBS (Hyclone), 100 U/ml penicillin and 100 µg/ml streptomycin. Influenza virus strain A/Puerto Rico/8/1934 (PR8) was propagated in 8-to 10-day-old embryonated chicken eggs. PR8∆NS1 was propagated in MDCK cells expressing influenza virus nonstructural protein 1 (NS1). Sendai virus, Cantell strain, was propagated in 10-day-old embryonated chicken eggs. Immunofluorescence. A549 cells were cultured on coverslips overnight and then were infected with the appropriate viral strain. At the appropriate time after infection, cells were fixed for 10 min at room temperature in 3% paraformaldehyde (EMS). Coverslips were washed in 1× PBS and nonspecific binding was blocked by incubation for 1 h at room temperature with blocking solution (1 mg/ml BSA, 3% FBS, 0.1% Triton X-100 and 1 mM EDTA, pH 8.0, in PBS). Cells were then probed for 1 h with custom-made sheep antibody to SETX (diluted 1:400; produced in-house by O.J.B. and M.F.L.) and mouse antibody to tubulin (diluted 1:2,000; 100109-MM05; Sino Biological), followed by detection with Alexa Fluor 488-conjugated (green) donkey anti-sheep IgG (heavy and light chain) (A-11015; Life Technologies) and Alexa Fluor 594-conjugated (red) donkey anti-sheep IgG (heavy and light chain) (A-11005; Life Technologies). DNA was counterstained with DAPI (4,6-diamidino-2-phenylindole).
Enzyme-linked immunosorbent assay. SETX-1RM cells and normal foreskin fibroblasts were left untreated or were treated with PR8∆NS1 at an MOI of 100 PFU/cell, and supernatants were collected at 4 and 12 h after infection. Human IFN-α2, IFN-γ and chemokine CXCL10 in culture supernatants were analyzed by Luminex xMAP multiplexing technology (Millipore).
GRO sequencing. Transcriptionally active nuclei from infected or untreated A549 cells were prepared after the cells were allowed to swell for 5 min in ice-cold swelling buffer (10 mM Tris, pH 7.5, 2 mM MgCl 2 and 3 mM CaCl 2 ). Pelleted cells were re-suspended in 1 ml lysis buffer (10 mM Tris, pH 7.5, 2 mM MgCl 2 , 3 mM CaCl 2 , 10% glycerol, 0.5% NP40, 2U/ml SUPERaseIN (Ambion)) and were pipetted 20 times with a P1000 tip with the end cut off to reduce shearing. The volume was brought to 10 ml with lysis buffer and nuclei were pelleted at 600g for 5 min. Nuclei were washed in 10 ml lysis buffer and re-pelleted. A small aliquot was taken for staining with Trypan blue to ensure that lysis occurred and nuclei were still intact. Nuclei were re-suspended in 1 ml freezing buffer (50 mM Tris-Cl, pH 8.3, 40% glycerol, 5 mM MgCl 2 and 0.1 mM EDTA) with a P1000 tip with the end cut off and were re-pelleted and re-suspended in 500 µl freezing buffer and separated into 100-µl aliquots and frozen in liquid nitrogen. GRO-Seq and library preparation was done as described 26 . For confirmation of ChIP followed by deep sequencing and GRO-seq, experiments with independent biological replicates were done by quantitative PCR. Samples were sequenced on a HiSeq2000 or a HiSeq 2500 instrument in accordance with the manufacturer's protocols (Illumina).
Analysis of transcription start site-associated RNA. Transcription start site-associated RNA was quantified by a published method 33 . Total RNA was extracted and large RNA (>200 nucleotides) and short RNA (<200 nucleotides) were isolated separately with miRNeasy Mini and MinElute kits (Qiagen). Oligo-adenylation and cDNA synthesis of short RNA was performed with Superscript III and an oligo(dT) primer with an additional 5′ adaptor sequence. Quantitative PCR analysis of the short RNA was performed with forward primers specific to the 5′ untranslated region of the gene of interest and a universal reverse primer that matched the 5′ adaptor sequence. 5s rRNA served as a normalization standard. Statistical significance was determined with a two-tailed Student's paired t-test.
Immunological stimulation of Setx −/− and wild-type mice. Wild type and Setx −/− mice 40 were anesthetized before receiving an intranasal dose of either PBS alone or 4 µg of in vitro-transcribed Sendai virus defective-interfering RNA diluted in PBS. 20 µl of PBS was administered in each nostril. Six hours after administration, mice were killed and lungs were extracted. RNA was isolated from lungs with an RNeasy Mini kit according to the manufacturer's recommendations (Qiagen). cDNA was synthesized with Superscript III Reverse Transcriptase according to the manufacturer's recommendations (Life Technologies). All procedures were performed in compliance with procedures approved by the University of Queensland animal use committee.
Nuclear extracts and glycerol-gradient sedimentation. Nuclear extracts were prepared according to Dignam Roeder methods and were separated by centrifugation for 8 h at 50,000 r.p.m. (in a Beckman SW-Ti55) on a 5-40% glycerol gradient before being fractionated.
Generation and transduction of lentivirus. Lentivirus expressing wild-type SETX, mutant SETX lacking ATPase activity or GFP were generated by transfection of plasmids encoding the relevant transgene in the pLX304 lentivirus backbone (Addgene) or the pLentiIII-2A-GFP backbone (ABM), VSV-G (pMD2.G, Addgene) and Gag-Pol (a gift from M. Evans), at a ratio of 2.5:1.5:1, into 293T cells. Supernatants were collected 24 and 48 h after infection and viruses were concentrated with a Lenti-X concentrator according to the manufacturer's recommendations (Clontech). Optimal titers for transduction were determined by serial dilution on the appropriate cell type in the presence of 10 µg/ml polybrene (Millipore). Sequences of primers used for quantitative RT-PCR (human) were as follows: β-actin forward, 5′-ACCTTCTACAATGAGCTGCG-3′, and β-actin reverse, 5′-CCTGGATAGCAACGTACATGG-3′; GAPDH forward, Microarray analysis. A549 cells transfected with siRNA targeting the gene encoding SETX or XRN2 or control nontargeting siRNA were infected in triplicate with PR8∆NS1 (MOI 3). Untransfected cells were also infected, as a control. Total RNA was isolated from infected and uninfected cells with a Qiagen RNeasy kit. 200 ng of total RNA per sample was then used to prepare labeled RNA that was hybridized to Human HT-12 v4 Expression BeadChips (Illumina). Data were analyzed with Genespring software (version 12.5).
Analyses of the effect of treatment with siSETX and siXRN2 were conducted separately. For specific analysis of the effect of depletion of SETX or XRN2 on the magnitude of the cell response during infection, raw signal values obtained with uninfected and infected cells in the various siRNA treatment conditions in were quantile-normalized before being baseline-transformed to the medians of signal values for the corresponding uninfected siRNA-treated samples. For the identification of probe sets with statistically significant differences in response magnitude (P < 0.01), ANOVA followed by a post-hoc (Tukey's honest significant difference) test was conducted. Genes differentially regulated by treatment with siSETX or siXRN2 were identified as genes with a change expression of ≥1.5-fold (P < 0.01) relative to their expression in siCtrl-treated cells. Where indicated, infection-induced genes were identified as genes with a change expression of ≥1.5-fold (P < 0.01) in virus-infected, siCtrl-treated cells relative to their expression in uninfected siCtrl-treated cells. All computations of P values were subjected to multiple-testing correction by the Benjamini-Hochberg method. For purposes of presentation in the heat maps, genes represented by multiple probe sets in the microarray were plotted as the averaged values of those probe sets.
For evaluation of the effect of depletion of SETX or XRN2 under basal conditions, raw signal values of uninfected cells under the siRNA-treatment conditions were quantile-normalized before being baseline-transformed to the median of all samples. Analyses for SETX and XRN2 were done separately. An ANOVA followed by a post-hoc (Tukey's honest significant difference) test was conducted for the identification of siRNA-regulated genes. Genes regulated by siRNA (targeting the gene encoding SETX or XRN2) were defined as genes with a change expression of ≥1.5-fold (P < 0.01) in cells treated with siRNA targeting the gene encoding SETX or XRN2 relative to their expression in siCtrl-treated cells. Normalized signal-intensity values of a list of canonical housekeeping genes were also used to determine the overall effect of the depletion XRN2 or SETX in cells. Full lists of affected genes are in Supplementary Tables 1 (SETX depletion) and 2 (XRN2 depletion).
Functional analyses of differentially regulated genes were conducted through the use of Ingenuity Pathways Analysis (Ingenuity Systems). This system was used for the identification of canonical pathways that showed 'enrichment' among groups of genes with significant changes in expression by microarray analysis. A right-tailed Fisher's exact test was used for calculation of P values determining the probability that each pathway assigned to that data set was due to chance alone. In addition, we also used DAVID gene-ontology analysis 45 to identify genes associated with cytokine activity. Immunoblot analysis. Gradient gels were used based on the molecular mass of the proteins to be evaluated, followed by wet-transfer onto PVDF membranes.
ChIP. ChIP was conducted as described 18 . For experiments with ChIP followed by quantitative PCR (described below), 10 min of crosslinking was used for both M1 antibody to Flag (overexpression experiments) and anti-SETX. Sonication was performed in a refrigerated Bioruptor (Diagenode), and conditions were optimized to generate DNA fragments of approximately 200-1,000 bp. Lysates were pre-cleared for 3 h with the appropriate isotypematched control antibody (rabbit IgG (2729; Cell Signaling) or mouse IgG (5415; Cell Signaling)). Specific antibodies were coupled for 6 h with magnetic beads bound to anti-mouse IgG (Dynabeads M-280 Sheep Anti-Mouse IgG; 112-02; Invitrogen) or anti-rabbit IgG (Dynabeads M-280 Sheep Anti-Mouse IgG; 112-04; Invitrogen). Antibody-bound beads and chromatin were then immunoprecipitated overnight at 4 °C with rotation. After the wash steps, reverse crosslinking was carried out overnight at 65 °C. After digestion with RNase and proteinase K, DNA obtained by ChIP was then isolated with a MinElute kit (28004; Qiagen) and was used for downstream applications. The statistical significance of ChIP quantitative PCR analysis was determined with a two-tailed Student's paired t-test.
Next-generation sequencing data analysis. Following adaptor trimming and quality filtering, reads were mapped to the human reference genome (GRCh37, hg19) with Bowtie software (version 0.12.9) 46 , for GRO-Seq and short RNASeq data, or Tophat software (version 2.0.10) 47 , for directional RNA-Seq data. Unique best matches were kept and were normalized to a total level of 5 × 10 6 tags per sample (GRO-Seq) or 30 × 10 6 tags per sample (directional RNA-Seq). 
